The economic importance of fresh-cut fruit market is becoming progressively more significant, while the food industry shows increased interest in innovation of products bringing health benefits.
.
Therefore, several researchers have been studying the potential of various coating materials on increasing the quality and shelf life of fresh-cut fruit. Edible coatings can be prepared from proteins, polysaccharides, lipids or the combination of these components. Among them, protein-based edible coatings could be the most attractive, since protein films present impressive gas barrier and mechanical properties compared with those from lipids and polysaccharides (Azeredo & Waldron, 2016; Ou, Kwok, & Kang, 2004) . Perez-Gago, Serra, and del Rio (2006) used a whey protein concentrate-based edible coating incorporating beeswax and ascorbic acid or cysteine to coat fresh-cut apples, with positive effect in the browning index but unable to control the weight loss.
Specifically, soy protein isolate (SPI) films have received a wide attention because of their low oxygen permeability, even when compared to the traditional low-density polyethylene film Cuq, Gontard, & Guilbert, 1998; Ma et al., 2008) , providing opportunities for preserving foods from oxidative deterioration. SPI is also an abundant and lowcost vegetable protein source, with nutritional quality and good biodegradability and biocompatibility (Cao, Fu, & He, 2007a; Sui, Jiang, & Yu, 2012; Wang, Marcone, Barbut, & Lim, 2012) . Although several studies can be found in the literature concerning the properties and applications of SPI based edible films Choi, Kim, Hanna, Weller, & Kerr, 2003; Gennadios, Brandenburg, Weller, & Testin, 1993; Kang, Wang, Zhang, Li, & Zhang, 2016; Kim, Marx, Weller, & Hanna, 2003; Park, Rhee, Bae, & Hettiarachchy, 2001; Wang et al., 2012; Wihodo & Moraru, 2013; Zhang et al., 2010) , few information can be found regarding the application of SPI edible coatings, namely in fresh-cut fruit. In a recent study (Marquez et al., 2017) , reported reduced weight loss in fresh-cut apples coated with SPI or whey protein isolate. Ghidelli, Mateos, Rojas-Argudo, and P erez-Gago (2015) also reported positive effects of a SPI-based coating formulation (incorporating beeswax) applied in combination with modified atmospheres to fresh-cut artichoke. In another study (Shon & Choi, 2011) , the effectiveness of edible coatings containing SPI was demonstrated in reducing moisture loss of apples and potatoes in a five days period, particularly in combination with CMC, though final moisture loss for the best formulation was still over 20%. However, though the authors claim positive effects on oxidative discolouration, the colour study was terminated after 120 min due to excessive browning, which is clearly ineffective.
In spite of its low oxygen permeability, SPI films have been reported to be an ineffective moisture barrier (Gennadios et al., 1993; Ou, Wang, Tang, Huang, & Jackson, 2005; Park et al., 2001; Zink, Wyrobnik, Prinz, & Schmid, 2016) , as expected for highly polar polymer films. Cross-linking using physical, chemical or enzymatic treatments has been explored by several researchers as a viable method to improve the mechanical strength and barrier properties of protein films (Azeredo & Waldron, 2016; Wihodo & Moraru, 2013) . Chemical treatments include the use of cross-linking agents such as ferulic acid. Ferulic acid is one of the most abundant phenolic acids in plants, acting as a cross-linking agent in cell walls (Liyama, Lam, & Stone, 1984) . Some recent studies have demonstrated that ferulic acid could act as satisfactory crosslinking agent in preparation of SPI, gelatin, starch-chitosan and sodium caseinate based edible films (Cao, Fu, & He, 2007b; Fabra, Hambleton, Talens, Debeaufort, & Chiralt, 2011; Mathew & Abraham, 2008; Ou et al., 2005) . Other phenolic compounds have also been used as crosslinking agents in SPI films such as rutin, epicatechin, caffeic acid or gallic acid (Friesen, Chang, & Nickerson, 2015; Insaward, Duangmal, & Mahawanich, 2015) . Ferulic acid can cross-link with proteins and polysaccharides by several mechanisms. In case of proteins, ferulic acid can oxidize to its quinone and then the quinone further react with amines on the protein, or it can cross-link with tyrosine and other amino acids through a free radical mechanism; a third possibility is its esterification with hydroxyl amino acids such as serine (Ou et al., 2005) . Ou et al. (2005) demonstrated that an optimal concentration of ferulic acid incorporated in the SPI film increased the tensile strength, percent elongation at break and antioxidant activity of films for preservation of fresh lard.
Besides its low toxicity and cross-linking properties with both polysaccharides and proteins, ferulic acid has been also reported to have many physiological functions, including antioxidant, antimicrobial, anti-inflammatory, anti-thrombotic and anti-cancer activities . It also protects against coronary disease, lowers cholesterol and increases sperm viability . As emphasized in a recent paper (De'Nobili et al., 2013 ), the food industry shows an increased interest in product innovation which brings specific health benefit and the additives used in healthier food formulations should be as natural as possible.
The aim of this study was to assess the potential of the application of SPI based edible coatings, incorporating ferulic acid, in order to extend the shelf life of fresh-cut apples.
Though ferulic acid has been described as a good cross-linking agent for protein films, as described above, the incorporation of ferulic acid in SPI edible coatings applied to food was never studied, to our knowledge. Furthermore, the antioxidant and bioactive properties of ferulic acid can be an important feature for fresh-cut fruit applications. For this purpose, the weight loss and colour of cut apples, the two main quality indicator parameters chosen for this work, were evaluated during seven days, at 10 C and 50% relative humidity (RH). For the selected formulations, apples were also analysed for firmness, pH and soluble solids content. Preliminarily, the water vapour permeability of films (WVP) with the same coating formulations was investigated. The effect of the application of SPI coatings, incorporating another antioxidant commonly used (namely, sodium ascorbate), on the quality of fresh-cut apples was also analysed, for comparison. Uncoated apples and apples dipped into solutions of the two antioxidants, under analysis, were used as controls. Apples (Golden Delicious, Portugal) were obtained from a local supermarket, between February and Abril 2013. Transport took about 10 min and they were immediately stored at 4 C until processing. The average pH of the pulp of the apples was 4.5.
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Methods
Preparation of film/coating formulations
The film/coating formulations were prepared with SPI at a concentration of 30 g L À1 and glycerol (Gly) was added, as plasticizer, to a final concentration of 9.0 g L À1 (corresponding to 30% w/ w of polymer -SPI). Sodium ascorbate (SA) was incorporated at a concentration of 10 g L À1 and ferulic acid (FA) was incorporated at four concentrations: 1.0, 2.0, 3.0 and 4.0 g L À1 . Firstly, SPI solutions were prepared by dispersing the power in distilled water at room temperature for 1 h, followed by heating the dispersion at 85 C for 30 min.
To prepare the film/coating solutions, the required amounts of SPI solution, Gly and antioxidants (SA or FA) were dispersed in distilled water. The mixtures were stirred for 1 h, at room temperature. The formulations with ferulic acid incorporated were prepared without pH adjustment and adjusting the pH to 7.0, using a 0.1 mol L À1 NaOH solution. A summary of the used formulations and respective code is presented in Table 1 .
Film preparation
To produce films, a constant amount (25 mL) was cast onto an 8.5 cm diameter Petri plate coated with Teflon ® . The films were dried in a climatic chamber at 50 C during 2 h and were maintained at 23 C and 53% RH (in a desiccator with a saturated solution of magnesium nitrate), at least 48 h, before performing their characterisation.
Film properties
Film thickness was measured using a digital micrometer (Mitutoyo Co., Japan, model ID-F150), at five random locations on the film's surface, for three different films, from which an average was obtained.
The WVP of the films was determined gravimetrically according to ASTM method 96 (1996) . Three determinations were made for each formulation.
Apples preparation and coating application
Apples of homogeneous colour (light green, starting to get yellow), size and without physical damages were selected and cleaned with distilled water. Apples were peeled and sliced on a plastic board with a sharp cutting knife. The average area of apples was cut into two pieces in the width direction and then twice at right angles along its length. Eight pieces from different apples, weighting in total approximately 80 g, were used per package. At least three packages were prepared per treatment.
Selected coating formulations were applied by dipping the cut apples into each solution for 10 s, at room temperature. After dipping, apples were air dried with the aid of a fan for 10 min. Then, they were placed in closed polyethylene terephthalate packages (commercial packages in the form of boxes with incorporated lids in the same material and thickness) and immediately stored in a climatic chamber, at 10 C and 50% RH, for 7 d.
Weight loss and colour of the apples
The weight loss of the apples was measured gravimetrically and expressed as a percentage of the initial apple weight.
Colour was measured with a Minolta colourimeter CR 300 (Tokyo, Japan), using the CIELAB colour parameters, lightness, L* (0 [black] to 100 [white]), and chromaticity parameters a* (green [-60 ] to red [þ60]) and b* (blue [-60 ] to yellow [þ60]). The colour was also expressed as browning index, according to Buera, Petriella, and Lozano (1985) :
X, Y and Z are the CIE tristimulus values.
This index has been successfully employed as an indicator of browning in fresh-cut coated fruit (Olivas & Barbosa-C anovas, 2005) . The test was performed for each piece of apple and an average value was calculated.
To standardize differences in different apples' batches, the increase in browning index towards the initial value was also used. It was calculated as:
Increase in browning index¼ ((BIS e BII)/ BII) *100
[2]
BIS is the browning index of the sample and BII is the initial browning index of the correspondent batch of apples.
Firmness, pH and soluble solids content of apples
The firmness of apples was evaluated through penetration tests, using a TA-XT2 (Stable Micro Systems) texture analyser, with a load cell of 5 kg. The chosen procedure was similar to the one described by Cocci, Rocculi, Romani, and Dalla Rosa (2006) with small adjustments. A 6.0 mm diameter cylindrical probe was lowered at a cross-head speed of 0.50 mm/s and penetrated 8.0 mm into the apples. Firmness (in N) was considered the maximum force obtained from the force vs distance texturograms.
For pH and total soluble solids measurements, the content of each package was minced. pH was measured using a pH meter (Orion, model 320). The content of total soluble solids was determined with a hand refractometer (Atago, model PAL-RI) and the results were expressed in % (AOAC, 2000).
Statistical analyses
Statistical analyses of the influence of different coating formulations on the apples quality after 7 d of storage were made using the data analysis software Statistica version 8.0 (StatSoft, Inc, Tulsa, USA). Analysis of variance (ANOVA) was performed after 7 d of storage. Variances were tested for homogeneity and statistical significant differences were analysed a posteriori with the Fisher's Least Significant Differences (LSD) test. The significance level was defined as p 0.05, for all tests.
Results and discussion
Film properties
The WVP of the SPI film and SPI films with incorporation of antioxidants is presented in Table 2 . The thicknesses used in their calculations and the pH of the film-forming solutions are also presented.
The incorporation of all antioxidants without pH control generally led to an increase of the WVP of the SPI film, though this trend is not always consistent for ferulic acid. Films incorporating ferulic acid had lower WVP than films with ascorbate.
Ascorbate is a molecule with polar groups (-OH) and with an appreciable molecular size. The hydroxyl groups of ascorbate increase the hydrophilicity of the protein matrix and the development of protein-ascorbate hydrogen bonds can reduce the intermolecular attractions between protein chains. Therefore, the presence of ascorbate molecules increases the water affinity of the film, aids the diffusion of water molecules and hence causes an increase in WVP.
The lower WVP obtained for films incorporating ferulic acid, compared with those obtained for films incorporating sodium 
ascorbate, can be explained by the low polarity of this phenolic antioxidant, which has both hydrophilic and hydrophobic character. Analysing the effect of the concentration of ferulic acid in the films without pH control, it is not possible to observe a regular trend in the WVP of the films. In part, the irregular trend may be attributed to the SPI aggregation, as a consequence of the decrease in the pH of films with increasing concentration of ferulic acid, approaching the isoelectric point of protein (around 4.6; as reported e.g. by Kim, Varankovich, & Nickerson, 2016) . It is well known that the structure and functional properties of proteins are highly influenced by pH. Gennadios et al. (1993) studied the effect of pH on properties of SPI films and demonstrated that the film formation was inhibited by poor protein dispersion around the isoelectric pH region. In another study, Brandenburg et al. (1993) demonstrated that when SPI was solubilized and crosslinks were developed at higher pH values than 6, lower water vapour and oxygen permeability were achieved. Similarly, the work by P erezGago and Krochta (1999) indicated that the WVP of whey protein films were the highest at pH 4e5. Therefore, films incorporating ferulic acid were also prepared at pH 7.0 and the WVP determined for comparison. Significant differences in WVP were observed for the highest concentration of ferulic acid (4.0 g L À1 ) as compared to the values without pH control. At higher acid concentrations, the pH of the formulations decreased to values below 5.5. By increasing the pH to 7.0, away from the protein soy isoelectric point, a clear decrease in the WVP of the films is observed ( Table 2 ). The most significant difference was observed for the concentration of 4.0 g L
À1
, for which the WVP obtained is even lower than that obtained for the film without incorporation of antioxidants. Ou and co-workers (Ou et al., 2005) verified that, for SPI films at pH between 8.0 and 9.0, the WVP did not significantly change when ferulic acid was added to the formulations in the concentration range between 0.5 and 1.0 g L
, or even slightly increased at a higher concentration of 2.0 g L
. Other authors (Cao et al., 2007b ) also found that ferulic acid had small influence on WVP of gelatin films. The presumed reason was that ferulic acid had many hydroxyl groups, which could combine with water, so the apparent WVP did not change.
The results of the present work indicate that the incorporation of ferulic acid in the SPI films, above a certain concentration, improves the barrier effect to water vapour of the films, if the pH is adjusted away from the isoelectric point. It is probable that, at lower concentrations, the presence of hydroxyl groups of ferulic acid increases the water affinity of the film and hence the film permeability. At higher concentrations, the higher extent of crosslinking between ferulic acid and SPI contributes to a more compact structure, overlapping the effect of increased hydrophilicity provided by hydroxyl groups of ferulic acid molecules, and consequently contributing to lower WVP.
Effect of the coating formulations on weight loss and colour of fresh-cut apples
As emphasized in a review paper (Rojas-Argudo, del Rio, & P erez-gago, 2009), one of the main objectives of coating application is reducing fruit weight loss during storage. Colour changes in fresh-cut fruit have also been extensively reported and browning of fresh-cut apple wedges is a key quality attribute for consumer acceptance (Lee, Park, Lee, & Choi, 2003 ; R€ oßle, Brunton, Gormley, Wouters, & Butler, 2011). The weight loss and colour were the two main quality indicator parameters chosen in this work, to evaluate the potential of the coating formulations to increase the shelf life of the cut apples.
The effect of the concentration of ferulic acid in the coating formulation on the weight loss and colour of cut apples was analysed. The effect of the application of SPI formulations incorporating sodium ascorbate on the quality of fresh-cut apples was also evaluated for comparison. Uncoated apples and apples dipped into the two antioxidants solution were used as controls. Results are presented in Tables 3 and 4 for days 1, 3 and 7 (variations tend to be faster in the first day and get slower and slower with time, at least while no visual microorganisms growth is visible, which was always the case in these tests with coated apples); no extra information would be provided by days 2, 4 and 6. Following films' results for WVP, it was considered that formulations SPIFA1pH7, SPIFA2pH7 and SPIFA3pH7 had a very similar behavior and only SPIFA3pH7 was tested. As for the formulations with ferulic acid without pH adjustment, the results were not conclusive and all formulations were maintained and tested as coatings.
The percentage of weight loss of apples coated with SPI formulations and respective controls, on the first, third and seventh days of storage are presented in Table 3 .
For the two higher concentrations of ferulic acid (3.0 and 4.0 g L À1 ), and due to the results obtained in the films, the pH of the coating formulations was also adjusted to 7.0. In terms of formulations with ferulic acid, the best control of the weight loss, especially after the first day, was obtained for these latter formulations, in accordance with the WVP results. It is also noteworthy that the result was significantly better for the ferulic acid concentration of 4.0 g L
À1
, also in accordance with WVP results, demonstrating the high potential of this formulation for controlling water loss in fresh-cut apples. Table 3 Percentage of weight loss (mean ± SD) in the fresh-cut apples coated with SPI formulations and controls, during storage period at 10 C and 50% RH.
Weight loss (%) Concerning also the controls and commercial antioxidant (Table 3) , it is possible to observe that the best result was still obtained for apples coated with the formulation incorporating ferulic acid (4.0 g L À1 ) at pH 7. This result enhances the potential of the former coating formulation, to increase the shelf-life of cut apples. It is also interesting to note that, with the exception of the SPI formulation without the incorporation of antioxidants and formulations with ferulic acid without pH adjustment to 7.0, from the first day of storage, all treatments showed better results in controlling water loss in relation to the uncoated fruit. Within the controls, similar results were obtained for the apples dipped into both antioxidants solution. Within the coatings and contrary to what was observed by Shon and Choi (2011) , the SPI coating was not effective in reducing the weight loss of apples from the first day. This result might be attributed to some aggregation of the SPI by contact with the surface of the apple which has a pH near the isoelectric point of the protein. Thus, contrary to what might be expected based on the results of WVP of the films, the formulation incorporating ascorbate was more effective in controlling weight loss in comparison to the formulation without incorporation of antioxidants. This result may be due to the additional protective effect provided by the interactions of the antioxidants with compounds at the surface of the apples, in accordance with the results obtained for the apples just dipped into the solutions of the respective antioxidants or controls.
Similar results were obtained for the evolution of the browning index of apples during the storage period (Table 4) . Within the formulations with ferulic acid, the best result was again obtained for the SPIFA4pH7 formulation. This result can be attributed to the antioxidant and antimicrobial properties of ferulic acid. The effectiveness of this coating formulation in controlling the colour of the apples and the respective effect of pH is highlighted in Fig. 1 . The results obtained for the uncoated apples and apples just dipped in the ferulic acid solution (controls) were represented for comparison. As can be seen, changing the pH of the coating formulation from 5.1 to 7.0, gives appreciable advantages, significantly reducing the rise of the browning index (Fig. 1a) and colour parameter a* (Fig. 1b) , whose increase is associated with an increase in red colour, during the storage period of 7 d, at 10 C.
No relevant differences were observed for colour parameters L* and b*. It is also interesting to note that for the apples coated with the formulation without adjusting the pH to 7.0, as well as for the control of ferulic acid, there was a marked increase of the browning index and of the parameter a* between the third and the fourth day. This result suggests that ferulic acid is not acting as a cross-linking agent in the SPI edible film/coating if it is formed at a pH near the isoelectric point. Meanwhile, the results obtained at pH 7.0 suggest a decrease in oxidative degradation of ferulic acid within the SPI network compared to the aqueous solution. The incorporation of antioxidant in the SPI matrix may help its stabilization because it can preclude its interaction with food compounds acting as an encapsulating agent. Moreover, it also provides its more uniform distribution along the surface of the fruit. In fact, for the apples just dipped into the solution of ferulic acid, it was possible to observe small insoluble aggregates of ferulic acid on their surface, which also highlight the need to incorporate this type of phenolic antioxidant, with both hydrophilic and hydrophobic behaviour, within a biopolymer matrix.
The fact that the apple coated with the formulation at pH 5.1 showed a browning index higher than the apple just immersed in a solution of ferulic acid, and the very sharp increase of the parameter a* observed from the fourth day, can be attributed to the fact that the coating formed was not sufficiently cohesive and homogeneous due to aggregation of SPI near the isoelectric point. In this case, coating breakage due to non-homogeneous dispersion of SPI may occur, causing oxygen to come in contact with the apple surface, thus boosting browning.
Except for formulations with ferulic acid without pH adjustment, and regarding the control of browning index (Table 4) , it is possible to observe that all treatments showed better results than the uncoated apples. Overall, the best results were obtained for the WPI formulation with antioxidants and with the traditional just dipping into ascorbate solution. In fact, all coating formulations incorporating antioxidant originated better results than those obtained with the coating formulation without incorporation of antioxidants. It is also to emphasize that the apples coated with formulations incorporating ferulic acid at pH7 present an evolution Table 4 Percentage of increase in browning index (mean ± SD) in the fresh-cut apples coated with SPI formulations and controls, during storage period at 10 C and 50% RH. of browning index clearly lower than the obtained for the apples dipped into the solution of ferulic acid. This result can be attributed to the lower oxidative degradation of the antioxidants when they are incorporated into the SPI matrix compared to an aqueous solution, as already mention. Another possible reason for the reduction of the rise of browning index in apples, coated with formulation with incorporation of ferulic acid, is the effect of reducing the oxygen permeability. Ou et al. (2005) reported a decrease in the peroxide value of lard coated with films prepared with SPI and ferulic acid as a result of the lower oxygen permeability of this film.
3.3. Effect of the selected formulations on firmness, pH and soluble solids content of fresh-cut apples Texture is also a critical factor for fruit quality and reflects metabolic changes and changes in water content (R€ oble et al., 2011) . Therefore, the formulation with ferulic acid that has proved most effective in controlling weight loss and browning index of fresh-cut apples (incorporation at 4.0 g L-1 FA and pH 7.0, SPIFA4pH7) was compared with formulations incorporating sodium ascorbate (SPISA) and respective controls. Due to the poor results achieved with the coating without antioxidants (SPIG), this formulation was also excluded in this last part of the study.
As can be observed in Fig. 2a , the most effective treatments for maintaining the firmness of apples, mainly reflected in the values obtained on the seventh day of storage, were dipping into the formulation incorporating ferulic acid and into the respective control.
The decrease in firmness observed on the third day of storage for apples that have not undergone any treatment can be attributed to degradation processes, whereas a significant increase on the seventh day is probably associated with significant weight loss observed for this sample in comparison with the treated samples (Table 3) . Slightly higher firmness was achieved for apples coated with SPI and ferulic acid when comparing apples subjected to treatments with sodium ascorbate at the third day of storage. This result can be attributed to the fact that, as already mentioned, this antioxidant can act as cross-linker with polysaccharides present on the surface of apples, promoting a more rigid structure. The fact that the coated apples exhibit slightly higher values of firmness in relation to apples dipped into their respective controls can be attributed to the additional effect of edible protective barrier film on the surface of the fruit, and not to water loss, which was lower in the case of coating with ferulic acid, compared to its control (Table 3) . On the seventh day, the treatment with ferulic acid is the most effective in controlling the firmness, with a final firmness very close to the one measured at day 3. These more stable values are desirable in terms of the preservation of the food properties, during their storage period. No significant differences were observed for the pH of cut apples, during the storage period under study and for the different treatments under analysis (results not presented).
Regarding the content of total soluble solids, and as can be observed in Fig. 2b , this parameter was not as sensitive to the treatment applied as was the firmness. However, on the seventh day of storage, a satisfactory result could also be observed for the treatments with ferulic acid. Since in this case, and as mention above, this result cannot be attributed, at all, to a high water content of the apples, the results suggest that the polysaccharide depolymerization involved in the increase of soluble solids content (Aguiar et al., 2011) may be most effectively controlled by the presence of ferulic acid.
Conclusions
The results of this work demonstrate that the SPI based edible coatings, with incorporation of ferulic acid, present potential to extend the shelf life of fresh-cut apples.
The incorporation of ferulic acid at a concentration of 4.0 g L À1 in
the SPI film-forming solution (30 g L À1 ), at pH 7.0, sufficiently away from the isoelectric point of protein, decreases the WVP of the SPI film. This result can be attributed to the ferulic acid cross-linking properties with SPI and its hydrophobic character. The application of this formulation to coat fresh-cut apples was effective in controlling their weight loss and firmness, when compared to uncoated apples or apples treated with more common antioxidants, namely sodium ascorbate. The results emphasized the need to incorporate this phenolic antioxidant in a biopolymer matrix, due to its hydrophobic characteristics and consequently a poor dispersion along the surface of the fruit. The SPI/ferulic acidbased coating formulation also evidenced a satisfactory result in terms of controlling the colour of cut apples and, in this case, the results obtained suggested a decrease in the oxidative degradation of ferulic acid, within SPI network compared to an aqueous solution.
It is also to highlight that ferulic acid, beyond being an abundant compound in the plant kingdom, with antioxidant and antimicrobial activities, presents several health benefits. Coatings: (4) SPISA and (5) SPIFA4pH7; -3 days, -7 days.
